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Abstract

Reconfigurable Intelligent Surfaces (RISs) have emerged as a promising technology for enhancing wireless
communication by reconfiguring the propagation environment. Most existing studies assume ideal RIS
elements with zero electrical resistance, which limits their applicability in realistic settings. This study
considers a practical RIS-aided wideband OFDM system with resistive reflecting elements (REs), where a
single-antenna source communicates with a single-antenna destination. The goal is to maximize the
transmission rate by jointly optimizing the subcarrier power allocation and RE phase shifts. An alternating
optimization (AO) framework is proposed, in which each variable is updated iteratively, and the phase shifts
are refined via gradient descent (GD). A joint optimization strategy was also considered for comparison.
Furthermore, a low-complexity alternative based on solving a channel power maximization (CPM) problem is
introduced to obtain suboptimal phase shifts. The numerical results show that the AO method achieves near-
optimal performance with a significantly reduced computation time compared to the successive convex
approximation (SCA). Although the GD-based CPM method incurs higher complexity than dimension-wise
sinusoidal maximization (DSM), it yields superior rate performance and improved robustness against RE
resistance variations, making it more suitable for practical RIS deployment.
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1. Introduction APSIPA
Telecommunication systems undergo a revolutionary cycle every ten years, where each new  Transactions on
cycle introduces significant performance enhancements to accommodate the rapid growth of

data transmission demand driven by the continuously increasing number of connected mobile 1 Sflgnal a'lnd
devices (Shafi et al., 2017). The Internet of Things (IoT), a paradigm in which almost any n orrnagon
device can be connected to the Internet, is one of the largest contributors to the increasing Processing
number of connected devices and has led to an explosive growth in demand for throughput per

area (bps/Hz/km?) in recent years (Bjornson et al., 2017). However, in addition to increasing the 353

throughput per area, other key performance indicators (KPIs), such as latency, reliability,
mobility and energy efficiency, also require further improvement (Andrews et al., 2014).

Many key enabling technologies (referred to as disruptive technologies) have been integrated
into communication systems to address these challenges. Typically, these technologies aim to
explore new bandwidths, use novel waveforms or enhanced signal-processing methods, or
leverage intermediate devices to assist in signal delivery (Letaief et al., 2022). In the latter case,
various intermediate devices have been implemented to aid in wireless data delivery, including
relays, backscatter devices and reconfigurable intelligent surface (RIS) systems.

Reconfigurable intelligent surface (RIS), also known as intelligent reflecting surface
(IRS), is a disruptive technology recognized as a key enabler in transforming the next
generation of wireless communication systems (Liu et al., 2021). RIS is a novel paradigm in
which wireless data transmission is improved not only through the enhanced design of the
transmitter and receiver but also by manipulating the wireless environment itself (Liang
et al., 2019). By doing so, RIS opens up the potential for further improving wireless
communication throughput, which has stagnated in recent years owing to the limitation of
focusing only on the transmitter and receiver sides.

RIS systems consist of multiple reflection elements (REs) that can alter their electric and
magnetic fields, and hence, change the phase and magnitude of the incident signal. Unlike
conventional intermediary devices such as relays, REs are meta-materials (Basar et al., 2019)
and do not incorporate active electronic components for communication, such as operational
amplifiers and oscillators. Thus, they are suitable candidates for meeting the emerging need
for green communication (Huang et al., 2019). Furthermore, due to the absence of basic data
transmission processes, such as modulation, detection, encoding and decoding, beamforming
is conducted passively, which has the advantage of significantly reducing power
consumption and hardware complexity (Wu and Zhang, 2019).

The literature contains many studies on RIS-assisted wireless communication systems with
various system models, including single-input single-output (SISO), multiple-input single-
output (MISO), and multiple-input multiple-output (MIMO). SISO communication systems
implemented with the assistance of RIS have been widely investigated (Bjornson et al., 2020;
Ding et al., 2020; Ding and Vincent Poor, 2020; Hou et al., 2020; Lyu and Zhang, 2020;
Makarfi et al., 2020; Zhang et al., 2020, 2019). Bjornson et al. (2020) compared two systems in
which the communication performance was enhanced by RIS or relay performing in the
Decode-and-Forward (DF) model, respectively. Makarfi et al. (2020) analyzed the average
capacity, BER, and outage probability in an RIS-enabled IoT network with fading channels.
Ding et al. (2020) analyzed the performance of a SISO system wherein a source with
nonorthogonal multiple access (NOMA) capabilities simultaneously served two users using RIS
with either coherent phase shifting or random discrete phase shifting properties. Zhang et al.
(2019) proposed a method for minimizing the outage probability in a SISO system with a line-
of-sight (LoS) channel model from and to the RIS elements. Ding and Vincent Poor (2020)
designed a beamforming approach for a SISO downlink system wherein multiple users were
served simultaneously using NOMA. In the considered scenario, some users were assumed to
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ATSIP have no direct link to the base station (BS) and were hence assisted by RIS. The outage
15,1 probability under the proposed beamforming method was calculated for both single-user and
multi-user cases. Hou et al. (2020) considered an RIS-aided downlink network in which the BS
sent data to several users simultaneously using a single antenna. The reflection design, outage
probability, ergodic rate and spectral and energy efficiencies of the network were
comprehensively discussed for the case in which the transmissions were handled using a
354 NOMA scheme. Lyu and Zhang (2020) analyzed the achievable rate and spatial throughput of a
network in which a BS served multiple users, each of which used an orthogonal resource block.
Zhang et al. (2020) investigated the impact of the phase shift resolution on the performance of a
RIS-assisted network with limited RIS phase shifts.

MISO communication systems using RIS to boost the system performance have been widely
investigated (Guo et al., 2020; Kundu and McKay, 2021; Ma et al., 2020; Papazafeiropoulos
et al., 2022; Wu and Zhang, 2019; Zhang and Zhao, 2021; Zhou et al., 2020). Wu and Zhang
(2019) considered the problem of minimizing the total transmit power at the access point of an
RIS-enabled MISO broadcast channel subject to satisfying quality of service (QoS) constraints.
Separate optimization problems were formulated for both single-user and multiuser cases. Ma
et al. (2020) considered a MISO single-user channel wherein the RIS not only assisted the BS
data transmissions but also transmitted secondary additional data to the receiver. A method was
proposed for determining the transmit precoder and reflection coefficient such that the transmit
power at the BS was minimized while simultaneously ensuring the QoS of the primary data
transmission. Kundu and McKay (2021) performed channel estimation for a RIS-enhanced
MISO system serving a single user. The MMSE channel estimates obtained from several deep-
learning approaches were compared with those obtained using conventional linear estimators.
Guo et al. (2020) proposed a novel, low-complexity method for maximizing the sum rate of a
MISO broadcast system with RIS. The analysis considered not only the case where the channel
state information (CSI) was accurately known but also that in which the CSI was imperfect,
resulting in the need for probabilistic optimization. Zhang and Zhao (2021) used the block
minorization-maximization (BMM) method to obtain the transmit precoder at the BS and phase
shift at the RIS that collectively maximized the sum rate of a MISO downlink system with the
help of RIS. Zhou et al. (2020) minimized the total transmit power at the BS in a MISO system
by optimizing the transmit precoder and RIS phase shift coefficient subject to QoS constraints
for each user. A robust beamforming design was formulated to deal with the assumption of
imperfect CSI, and a novel convex-concave procedure (CCP) was proposed to find a stationary
solution for all possible channel-error realizations. Papazafeiropoulos et al. (2022) considered
the problem of channel estimation and sum rate maximization in MISO networks with hardware
impairments.

MIMO wireless systems with RIS have also attracted attention (Ning et al., 2020; Perovic¢
et al., 2021; You et al., 2021). Perovi¢ et al. (2021) maximized the achievable rate of a
MIMO single-point RIS-assisted system by jointly optimizing the precoder at the transmitter
and the reflection coefficient at the RIS using the projected gradient method to tackle the unit
circle constraint. Ning et al. (2020) proposed a new metric called sum-path-gain
maximization (SPGM) as an alternative to the conventional sum-rate maximization metric to
find the optimal reflection coefficient of the RIS in a single-point MIMO system. You et al.
(2021) aimed to find the optimal transmit precoders for each user and the RIS reflection
coefficient that maximized the global energy efficiency in a multi-user MIMO system in
which several users with multiple antennas simultaneously transmitted their uplink signals to
a base station with the assistance of RIS.

All of the aforementioned studies assume that the reflection magnitude in the RIS system
is constant. However, in real-world RIS systems, the magnitude of the reflection varies with
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the phase shift. Therefore, a growing number of researchers have recently adopted more APSIPA
realistic RIS reflection models (Abeywickrama et al., 2020; Cai et al., 2020; Cai et al., 2022;  Transactions on
Li et al., 2021; Sun et al., 2023; Wang et al., 2021; Zhang and Li, 2022). Abeywickrama

et al. (2020) applied a phase-shift-dependent magnitude reflection method to design an Signal énd
accurate beamforming approach for narrowband RIS-aided communications systems. Inforrnagon
Following (Abeywickrama et al., 2020), the authors in (Cai et al., 2020; Li et al., 2021) Processing
designed a more general framework for a practical reflection model that could be applied to

wideband systems. The authors in (Sirojuddin et al., 2024; Sun et al., 2023; Wang et al., 355

2021; Zhang and Li, 2022) analyzed various aspects of RIS-assisted narrowband systems
using the phase shift-dependent magnitude reflection model proposed in (Abeywickrama
et al., 2020). Finally, the authors in (Cai et al., 2022) applied the practical reflection model
presented in (Li et al., 2021) to an RIS-assisted multicell wideband system.

1.1 Contributions

The present study is essentially a combination of the two works presented in (Yang et al.,
2020) and (Abeywickrama et al., 2020). In particular, the study considers a SISO OFDM
communication system, in which the achievable rate is improved by enhancing the signal
transmissions using RIS. However, in contrast to the ideal RIS model considered in (Yang
et al., 2020), the present work uses the more practical model proposed in (Abeywickrama
et al., 2020), in which the reflection magnitude of each reflecting element (RE) varies with
the phase shift. The main contributions of this study are as follows:

The study considers the problem of maximizing the achievable rate in the considered
OFDM system. This is achieved by maximizing the sum rate of each subcarrier by
optimizing the power allocation on each subcarrier and the phase shift of each RE in
the practical RIS model.

An alternating optimization (AO) method is proposed in which the considered
problem is solved by optimizing the power allocation and phase shifts of the REs in
turn. For each RE, the optimal phase shifts are obtained using the gradient descent
(GD) method, in which the first differentiation of the achievable rate with respect to
the phase shift is analytically derived.

The AO algorithm generally leads to a sub-optimal solution. Thus, to corroborate the
optimality of the AO approach, a joint optimization method is proposed, wherein the
power allocation and phase shifts are optimized at the same time with the assistance
of the GD method once again.

As a lower-complexity alternative to the achievable rate maximization problem, the
study also considers a channel power maximization (CPM) problem, in which the
aim is to determine the sub-optimal phase shift of the RE. The sub-optimal solution
obtained for the RE phase shift is then considered as the initial point for the main rate
maximization problem.

The convergence rate of the GD method used in the two optimization procedures is
heavily dependent on the step size. Accordingly, a simple method is proposed for
managing the step size in such a way as to ensure the convergence of the GD method
without significantly degrading the quality of the optimization results.

1.2 Notations
z, z and Z denote scalar, vector, and matrix, respectively. For each matrix, the subscript [Z],, ,
denotes the entry of Z in row m column n. Notations (-)T, () (-)H, | - |, and || - || denote the
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transpose, complex conjugate, conjugate transpose, absolute value and matrix norm
operators, respectively. Symbols R”*" and C™*" represent real and complex matrices,
respectively, with size m x n, while S”}, denotes the positive definite matrix. CA (0, Z)
indicates a complex Gaussian random variable with zero-mean and covariance matrix Z.
Finally, * denotes convolution.

2. System model

This study considers an OFDM communication system in which a single-antenna source (S)
transmits a signal to a destination (D) with the assistance of a RIS system with M reflecting
elements (REs), as illustrated in Figure 1. Assume that the OFDM system comprises N
orthogonal subcarriers (SCs) that equally divide the whole bandwidth. Let

pi diag(p1, pa, -+, pv)' € RY*Nwhere p,>0,¥n € N'={1,---, N}, denotes the nth
SC transmit power. Suppose the total power at S is Ps. The total power allocation to the SCs
must therefore satisfy tr (P) < Ps.

Letf = [fl,fz7 < fus 01 (N_U)} T ¢ CV*! denote the U-tap zero-padded discrete-time
baseband-equivalent multipath channel for the S-D direct link. The S-D link through
the RIS can be modeled as a concatenation of the S-RIS link and the RIS-D link for

the OFDM wideband channel. Specifically, let h,, = [hl, hy, -+, hU]T S Cv“ and
8n = [81, 82, gﬁ]T € Cﬁ“, Vme M={1,...,M} denote the U-tap baseband

equivalent multipath channel from S to the mth RE and the U-tap multipath channel from
the mth RE to D, respectively. Each RE reflects the incident signal, resulting in not only a
phase shift but also an amplitude attenuation. Let ¢ = [¢y, - - -, ¢M]T € C"*! be a column
vector containing all the reflection coefficients of the RIS, where ¢, =g, e is the
reflection coefficient of the mth RE with magnitude g, € [0,1] and phase shift
On € [— 7, 7). The S-D link through the mth RE is then given by the concatenation of the
S-mth RE link, mth RE reflection coefficient, and mth RE-D link. That is,

h,, % b % 8, = by % g, € CV*' where U=T + U — 1. For ease of derivation, let the
following notations be introduced:

IRS
Controller

IRS
Control g g
i NEM
. &\\
5 f D

Figure 1. System model
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Information
i.e. v, Ym € M, are the zero-padded concatenated S-RIS and RIS-D channels through the Processing
mth RE. The superposed channel impulse response (CIR) of S-D channel h € CV*Vis the
composite of the S-D (direct) channel and the S-mth RE-D channel, which is given by: 357
h=f+Ve, )
where ¢ =[¢y, - -, ¢M]T Let Qy be the N x N discrete Fourier transform matrix. The

Channel frequency response (CFR) of the superposed S-D CIR channel, denoted as
v e CY*! is then expressed as v = Q(f + V¢), while the CFR at each nth SC is expressed
as:

q,f+q; Ve, 3
where q,, € CN*1 s the nth column of Q. Assume that the OFDM symbol contains a cyclic

prefix of length Ncp > rnax(U, ﬁ) The achievable rate of the considered OFDM system is
thus expressed as (Yang et al., 2020):

~ 1 paldit +q Vqﬁ\)
R, 1 A a7, 4
e N+NCPZ ng( I'6? “®

where I" is a coefficient representing the shortfall between the maximum theoretical channel
capacity and the actual capacity achieved using a practical modulation and coding scheme
(MCS). In addition, ¢ is the noise power at each SC.

This study considers a practical RIS model wherein the reflection amplitude from each
RE varies with its phase shift. In practical RIS systems, the REs have an electronic circuit
arrangement in which a variable capacitor can be adjusted in such a way as to yield the
desired phase shift of the incident signal, as shown in [1, Figure 2]. Based on the figure, the
phase shift of the REs is given in (Abeywickrama et al., 2020; Cai et al., 2020) as:

Zm(Cm) - ZO

P = Zn(C) + 2o

®)

where Z,,(C,,) is the impedance of the mth RE whose value is controlled by adjusting the
capacitor capacitance C,,, given by:

JjoL; (j(l)Lz + ij + R)

JoLy + joL, + ]mC +R

Zn (Cm

; (6)

where the constants L, L,, R, and w are the inductances of inductors 1 and 2, the resistance
of the RE resistor, and the frequency of the incident signal in rad/s, respectively. Note that C,,

affects not only the value of the phase shift reflection 6,, 2 2¢,, € R, but also the amplitude
of the reflection §,, = |¢,,| € R. Given a set of values of C,, ranging from C™" to C{"™,
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Figure 2. Amplitude versus phase shift of an RE under various values of the surface resistance. The

left-most dots and right-most dots correspond to Cf,‘]“") and C,,, respectively

equation (5) outputs a set of values of ¢,, in which L;, L,, R, and o are taken as constants.
After obtaining these ¢,, values, a set of paired values of 6,, = 2¢,, and f3,, = |¢,,| can be
extracted. Plotting f,, versus 6,, yields a distorted U-shaped curve depicting the relationship
between 0,, and f3,,, as shown in Figure 2. As described in (Abeywickrama et al., 2020), the
relationship between f,, and 6,, can be accurately approached using the equation:

sin —-a k
ﬁm(em) = (1 _ﬁmin) (M) +ﬁmim
em e [e(min)’ g(max)],

)

where the parameters f.,;,, @, and k are obtained using the regression technique, and glmin)

and 0™ are obtained when C=Cy™ and C=C{™"), respectively. Note that the
parameters in (2) reflect the inherent characteristics of each RE in the RIS system and are
independent of the channel statistics. In other words, their values are determined in a one-off
procedure prior to RIS installation and are then applied in future practical implementations
without any further consideration.

3. Problem formulation and proposed algorithms

This study aims to determine the phase shift vector 2 [01, -, O] € R™*1 and power
allocation matrix over N subcarriers P = diag(p1, - - -, py) € RY*N such that the sum rate
over all the subcarriers is maximized. This problem can be mathematically formulated as
follows:

T

N T 2
palalf + V| )
X Nt Nep 2, °g2< * I'o? (82)

s.t. tr(P) < Py, (8b)
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Remark 1: For clarity of exposition and to isolate the impact of the practical RIS model, this
work focuses on a SISO OFDM system, which is representative of low-complexity and
energy-constrained scenarios such as IoT and edge devices, as reflected in (8). The
formulation can be extended to MISO or MIMO systems by replacing the scalar effective
channel term p,,|q”f + q,{V¢|2 with its vector- or matrix-valued counterpart that incorporates
transmit beamforming and/or receive combining. In such extensions, conventional
beamforming strategies, such as maximum ratio transmission (MRT) for MISO systems and
singular value decomposition (SVD)-based precoding for MIMO systems, can be naturally
incorporated. Correspondingly, the diagonal power allocation matrix P would be generalized
to a transmit covariance matrix, leading to a log-determinant rate expression. Although these
extensions increase the problem dimensionality, the joint optimization structure and the
alternating optimization with gradient-based updates developed in this work remain
applicable, albeit with higher computational complexity.

3.1 Achievable rate maximization using alternating optimization

Because the joint optimization (8) over € and P is challenging, this study proposes an
alternating optimization (AO) algorithm (Abeywickrama et al., 2020) which optimizes each
target alternately. Given @, problem (8) reduces to:

v p
max Y log, 1+ 22 (92)
P n=1 gZ ( Z.:ln)
s.t. tr(P) < Ps (9b)
anQ Vn 6N7 (9C)

where ¢, = (I'6?)/ (|q£f + qZV¢|2) is a constant w.r.t. P. The convex problem (9) is solved
by using the KKT conditions, where the solution is given by:

P =(B=¢,)", n, (10)
where p is a constant set to meet the sum power constraint Y'V_,(p —¢,)* = Ps. The value
of p can be found using the water-filling (WF) algorithm or using the Newton-Raphson

Method proposed in (Sirojuddin et al., 2024).
Given P, problem (8) can be recast as:
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360 .
O € [e(m'">, m‘“} Vm e M. (11c)

Note that by substltutmg the constraint (11 b) into the objective (11a), and always keeping
O, Vm between 6™" and 6™ (by executing (29)), problem (11) becomes an
unconstrained maximization problem where the optimal value € can be found using the
gradient descent (GD) method. In particular, the optimal € can be obtained by iteratively
executing the following equation:

aﬁ sum

0"+ =" 40, R

12)

where v; > 0 is the step size, and i is the iteration index.
To obtain the value of vector dRgym /08 € RM*! it is first necessary to analytically
determine the value of its elements, which can be expressed using the chain rule as follows:

ORam _ 1 N 0R, 0y,
00,,  N+Ncp, = dy, 00,
(13)
1 N R, dy, 0
g D, ’
N+Ncpn 107" 0¢m 06'm
where R,,, 7, and dy, /00, are defined as:
R, =log,(1+7,), (14)
=palayt+q) Vo[’ /(1e?). (15)
) dy, 0 dy, od*
Vu _ OFn Oy, L b, (16)

00, 0¢p,, 00, 97, 36,

The second equality in (13) holds because y,, Vn, and 6,,, Vm, are real. Based on (13), the
next task is to analytically derive the values of OR /0y, and dy,,/ 90,,.
It follows simply from (14) that:

oR, _ logye
Uy (L+7a)

a7

The problem of determining dy,,/d6,, can be broken down into that of computing the values
of dy,,/d¢,, and d¢,, / 96,,, respectively. The value of dy, /¢ is given by:
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(aZf+q7Vep)" (alf +ql V)

op  Ic?op (18)
Pn H )
= 5 (@ f+q; Vo) gV e CY,
where from (18), each component of dy,,/d¢ can be obtained as:
O _ P H
b= rg”z (' f+q"Vp) q'v,. (19)
Because ¢,, = f8,,¢/%", the value of d¢,, /96,, is expressed as:
a¢m aﬁm JO, . 6,
fm _ ZFm,j0n, e/on 2
20 = ¢ b, (20)
where, from (2), it can be verified that:
aﬁm (1 _ﬂmin)k : k-1
= = O — 1
00, 2k (sin(f ~a) + 1) (1)
-cos(0,, —a).
From (19) and (20), the value of dy,,/d6,, can be calculated as:
9 Pn (T T H T P 6, , .n b
=290 f \Y% m| = e e . 22
%, { T (aif+q Vo) qlv 26" * b (22)

Given (17) and (22), (13) can be calculated. However, the calculation process involves a loop
computation over N subcarriers. Furthermore, (13) needs to be repeated M times to yield the

derivation of (ﬁsum /00. This serial computation spends a lot of time, and hence, a kind of
parallel computation needs to be structured as a substitution. To facilitate parallel

computation, it is necessary to construct a compact form of OR sum /00 that is structured from
matrix multiplication. To achieve this, let the following vector be defined:
R = [IAQ [PERER R N] T. Furthermore, let us introduce a Jacobian matrix oR /00 € RV*M s
whose entry in row n column m is the first derivative of ﬁ,, w.r.t. 6, i.e. afe,, /06,,. The value
of a?esum /00 can then be generalized from (13) for all 6,, as follows:

OR qumm 1 N [oR v [aR
e lElEL [
00 N + Ncp n=1 00 1 1 n=1 00 1 nm

i.e. the first derivative of IA?sum over all 6s, i.e. Qﬁsum /00, is a (column) vector whose mth
entry is the sum of all elements in column m of dR /@ divided by N + N¢p.

T

(23)
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ATSIP The analytical expression of oR /00 can be determined by breaking it down into the
15,1 product of two Jacobian matrices. Because dR,/06,, = (aﬁ,, / dyn) (9y,,/96,,), the Jacobian
of aﬁ/ao € RY*M can be expressed as:

OR 0R?
R @9
362 v
wherey =y, ---, yy]’,and 0R /0y € RY*¥ is given by:
oR 1 1
e dlag 08¢ y T 082 ) (25)
ay 1+, 1+yy

ie. ali/ay is a Jacobian matrix in which the entry in row n column n is given by (17). Note
that dR /dy is diagonal because dR,, / dy~=0foralln#n.

Next, the analytical expression of the Jacobian matrix ay/00 € must be
calculated. Through an appropriate matrix structure manipulation, (3.1) can be restructured

RNXM

as:
; )
%" mm{pﬂ Q"¢+ V)], [Q"V],, [aﬂ}
2 0
_ m {[ }n [QT(f+V¢)]n 1 |:QTV 00:|nm} (26)

_ 2 . H v 99
= raziR{ {dmg(PQ (fF+V$))Q Vaohm}’
where o¢/00 € C"*M is given by:

0 (0 oy
op = diag <a¢91 ’ aeM> @7

i.e. 0 /00 is a Jacobian matrix whose entry in row m column m is given by (20). Note that
¢/ 00 is diagonal because d¢b,,, /90~ = 0 for all m # m. From (26), the Jacobian matrix dy /o6
is then expressed as:

P P
% = 2iR{diag(PQH(nV¢) )Q'V ¢} (28)

At this point, (25) and (28) have both been analytically calculated. Therefore, oR /00 in (24)
can be easily obtained, and OR sum /00 in (23) is ready to be implemented in (12) to seek an
optimal solution for @ by using the GD method.

Algorithm 1 presents the pseudo-code of the proposed AO algorithm, where ¢ denotes the
convergence threshold and i,,.x represents the maximum number of iterations. As shown, the
algorithm alternately optimizes P using the WF algorithm (line 4) and € using the GD
algorithm (lines 6-10). Because 6,,, Vm € M is bounded by ™) and ™) Jine 9 updates
0n, Ym using the following equation:
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0,, = min[max (6,,, 6™"), )], (29) APSIPA
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ie. if 9, <O™Y then @, is set to 8™M; if 9, > 0™) then g, is set to #™); otherwise, 6, Signal and
is kept as it is. Information
Processin
Algorithm 1. AO procedure for solving problem (8) g
Input:a(init)a f> hm7 Ims vm7 Pg, N, Ncp, Fa ﬁmim a, k> 02 363
Output: ﬁsum.

1 calculate Vusing(1).
2Initialize ij, ARguy = oo.
3while 1| < Ipay and [ARgu,| > Edo
4 UpdatePusing(10).

5 Initialize i,.

6 while i) < igxand the GD method doesnit converge yet

do

7 Compute dRgun/00using (23).

8 Update Ousing (12).

9 Bound 6, Ymusing (29).

10  end
11 U 5 _gl)  s-

pdateARsum = Riym = Roum

12end

3.2 Achievable rate maximization using joint optimization

Because an AO algorithm separates the joint variables and attempts to optimize each variable
in turn, it may require many iterations to converge (Perovi¢ et al., 2021). Thus, the AO
algorithm proposed in Subsection 3.1 might require a long computational time. In addition,
the optimality of its solutions is not guaranteed to be better than that of a joint optimization
algorithm. Accordingly, this section proposes an alternative approach, in which problem (8)
is solved by optimizing P and @ jointly rather than separately. The purpose of this alternative
method is to assess the optimality of the main proposed AO algorithm and to evaluate its
computational time.

As stated in Subsec. 3.1, the problem of solving P given @ (problem (9)) can be tackled
using the iterative water-filling (WF) algorithm, which is a simple algorithm with linear
complexity (Khakurel et al., 2014). Accordingly, this section commences by defining an
open-form function that takes @ as an input (along with other constants such as the channel,
transmit, and noise powers), computes the optimal power allocation P, and then outputs the
rate.
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ATSIP Definition 1. Function R(9) is an open-form function comprising three steps. In particular,
15,1 it 1) takes @ as one of its inputs, 2) calculates the power allocation given @ using the WF
algorithm, and 3) outputs the rate using (4).

As explained in Definition 1, R is open form because it uses_the iterative, linear
complexity WF algorithm to calculate the optimal P. Note that R takes only @ as its
input, and is hence different from (4), which takes both @ and P as inputs. In other words,

364 function R has only one independent variable, 6, and thus the main problem (8) takes the
following form:

m;lxﬁ(ﬂ) (30a)
st B,(0,)e  Yme M, (30b)
O, € [e(mi">, 9<m‘“>}, Vm e M. (30c)

By substituting the equality constraint (30b) into the objective (30a) (and
always keeping 6,,, Vm between ™™ and 6™, similar to the case described in Subsec.
3.1), problem (30) becomes an unconstrained maximization problem, for which the
optimal solution can be determined using a conventional method such as GD. In
particular, @ is iteratively updated using the following equation:

, ). OR
0(’”>=0(’>+02¥, 31)

where v, >0 is the step size. Because k(G) is not a closed-form function (owing to the
iterative WF algorithm), dR /06 cannot be found analytically. Nevertheless, its value can be
approximated using the following limit equation approach:

OR . R(0,+38)—R(0,-0)
o0, im 25

, Vm. (32)

Due to the round-off error in digital machines, the value of 6 cannot be set too low in
practical applications. As a result, the value of R /6 obtained when (32) is implemented in
an algorithm is approximate rather than exact. Nonetheless, a tiny value of approximately
1077 is typically sufficient to closely approximate the true derivative value. In addition, the
approximation error of (32) is proportional to 62~ (Chapra and Canale, 2015). The overall
procedure for obtaining the optimal value of R using the GD algorithm is shown in
Algorithm 2, where & denotes the convergence threshold and i, represents the maximum
number of iterations.
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Algorithm 2. Joint procedure for solving problem (30)

Input: g(init)’ f7 hMa Im> vm> PSa Na NCP7 rv ﬂmin? a, k7 62'
Output ﬁsum.
1 calculateVusing(1).

2Initializei, ARsyy = 0.

APSIPA
Transactions on
Signal and
Information
Processing

365

3whilei<ip.x andAﬁsum >¢do

4 Calculate 61?/(36’\0:6@ by repeatedly compute (32)for all
m.

5 Update@using (31).

6 Bound®#,,, Vm using (29).
(i-1)

sum | .

7 Update AIAQSum = |IA€<Sll)lm -R
8 end

3.3 Reconfigurable intelligent surfaces phase-shift initialization based on channel power
maximization

Alg. 1 requires an initial RIS phase-shift vector 0™ as a starting point for the iterative
optimization. The quality of this initial phase-shift configuration has a significant impact on
the convergence behavior and performance of the algorithm. To this end, following (Yang
et al., 2020), this study uses the channel power maximization (CPM) problem as a low-
complexity approach to obtain an effective initial estimate of 6.

The underlying idea of CPM can be explained as follows. Referring to the system model
in Figure 1, increasing the number of reflecting elements (REs) at the RIS creates multiple
propagation paths between the source and destination. By appropriately adjusting the RIS
phase shifts, the reflected signals can be constructively combined at the receiver, resulting in
a higher effective channel power, denoted by ||h||>. As discussed in (Yang et al., 2020), a
larger effective channel power generally provides favorable conditions for achieving a higher
achievable rate. More rigorously, Proposition 1 in (Ning et al., 2020) shows that, under equal
power allocation, maximizing the effective channel power corresponds to maximizing a
lower bound of the achievable rate. In this sense, CPM can be viewed as a computationally
efficient surrogate objective for RIS phase-shift initialization.

Motivated by both this physical intuition and the aforementioned theoretical insight,
CPM is formulated to maximize | [h||* with respect to the RIS phase shifts, as given by:

max Pey = I+ V| (33a)

st ¢, =p,(0n)e% Yme M, (33b)
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ATSIP 0, € [a(mmh 9<m‘“>}, Ym e M. (33¢)
15,1

Similar to problem (8), problem (33) can be rendered essentially unconstrained by
substituting constraint (33b) into objective (33a). Problem (8) can then be solved by using
the GD method once again. In particular, the sub-optimal value of @ can be obtained by
iteratively executing the following equation:

366

oP, CH

o+ — gl 4
U3 00 )

(34)

where v3 > 0 is the step size.
To determine the value of 0Pcy /a0, let us first analytically find the values of its elements,
which, by using the chain rule, can be expressed as:

OPcy _ 0Pcudd,,  OPenddy, _, {dPCH a¢m}

3, ~ op, 00,  op:, 00, o, 00,

(35)

The derivation of d¢,,/d0,, has already been given in (20). The value of dPcu/0¢,, is
expressed as:

oPcy
b

= (f+Vg)v,. (36)

Substituting (20) and (36) into (35) yields:

Pen_ zm{ (f+ V)"V, a‘/""}

00,, 00,
op
0, (37

From (37), the vector form of 0Pcy /06 € RM* ! is expressed as:

0Pcn _ 0p 1 .
0 _ZSR{()GV (f+Vg) } (38)

where d¢ /08 is given by (27). With the analytical expression of 0Pcy/d0 given by (38), 6
can be updated using the GD method stated in (34). Algorithm 3 presents the pseudo-code of
the CPM-based phase-shift initialization, where £ denotes the convergence threshold and
imax represents the maximum number of iterations.
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Algorithm 3. Procedure for finding sub-optimal 0 using CPM metric APSIPA

Transactions on
Input:f, hm7 I Vm, ﬂmir‘ﬂ a, k.

Signal and

Output: 95, Information

1 calculateVusing(1). Processing
2Initialize®, i, APqy = 0. 367

3while 1 < igaxandAPcy >Edo
4  Compute dPcy/d0using (38).
5 UpdateOusing (34).

6 Bound®, Vmusing (29).

7 UpdateAPcy= |P(C§I>—Pgl_])|.

8 end

It is worth noting that CPM is not intended as an alternative to the rate maximization problem,
because the CPM objective is independent of the power allocation matrix P. Consequently, the
resulting phase-shift solution depends only on @. Compared with the rate maximization
problem, CPM involves fewer optimization variables and simpler operations, leading to
substantially lower computational complexity. The obtained phase-shift vector is then used to
initialize Algs. 1 and 2, where joint optimization of P and € is subsequently performed.

3.4 Step size control and complexity analysis

The GD method is used several times in the previous sections, including in (12), (31) and
(34). One of the most critical parameters in the GD method is the step size, which directly
impacts the convergence rate. Thus, in the present study, a simple mechanism is incorporated
into the GD method used in Algorithms 1, 2 and 3 to improve its convergence. Let the 6

update equations be denoted as 0D =9 + 4. o5 /00, where v represents vy, v, and v3, and

s represents IA?SUIH, R and Pcp in (12), (31) and (34), respectively. Notably, the value of v is not
determined at the beginning of Algorithms 1, 2, and 3, but in the first iteration (i = 1). In
particular, after calculating ds/d@, v is determined as:

) . (39)

i.e. 0 is divided by the largest entry of vector |0s/00). In other words, at i = 1, the largest step

o
00,

o
00y

st

v =5/max<

taken to translate 6 to 8 * Y is limited to 8, i.e. max,, (|6£,’;+ U _ g \) =0. By leveraging

the fact that the phase shift is bounded by 6™ and 6™, the value of © can be intuitively

chosen as a particular positive number, for example, between 0 and (9™ — g(min)) /2.
Besides initializing v, it is also necessary to monitor the monotonicity of the iterations. In

the present study, this property is addressed using the simple step-size control mechanism

proposed in (Sirojuddin and Huang, 2022). Suppose the value of s at the (i)th iteration, i.e.
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s (0(5)), has been calculated. At the (i + 1)th iteration, after calculating ds/df and updating
0"+", the value of 3(0(”1)) is computed and compared with s(0<i)). If the value of
As 2 s<0<i+ 1)) - s<0(i>) is negative (indicating that the step size is too large), v is reduced by
v =10, where 0 <7< 1.0"* Y is then re-updated and As is re-evaluated. This loop terminates
once As is non-negative. This simple procedure ensures the monotonicity of s over the
iterations with minimal computational cost.

In practice, the computational complexities of Algs. 1, 2 and 3 must be analyzed to
properly understand the effects of increasing the values of M, N, and the other size-
representing variables on the growth of the required computational resources (e.g. time or

memory). In Alg. 1, the computational complexities of lines 1, 4, 7, 8 and 9 are O(Uf] M) ,
O(N) (Khakurel et al., 2014), O(M2N?), O(M) and O(M), respectively. Because

evaluating the objective function (4) as a termination criterion has a complexity of O(MN?),
the overall complexity of Alg. 1 after incorporating the step-size control mechanism is given

as: O(UZ/ M +inot{N + inoz [MPN? + ta0(M + M + MN?)] + MNZ}) ~ O(ipotinc (M?
N? +taoMN?)), where iao1, ino2, and tao are the values of i; at the end of Alg. 1, the
average value of i, in each #;, and the average iteration number of the step-size control
mechanism, respectively.

In Alg. 2, the computational complexity of line 4 is O(M(2M)N?), where the factor 2 M
comes from repeating the calculation of R 2 M times in (32). Consequently, the overall
complexity of Alg. 2 after incorporating the step-size control strategy is equal to:

@ (ﬁij M +io{M(2M)N? + t;o[M + M + MNz]}) ~ Oliyo(M?N? + t;oMN?)), where ijo
and 1o are the value of i at the end of Alg. 2 and the average iteration number of the step-size
control strategy, respectively.

In Alg. 3, the computational complexity of line 4 is O(MN). Because the evaluation of
the objective function (33a) as a termination criterion has a complexity of O(MN), the

overall complexity of Alg. 3 is O (UU M +icp[MN + tcp(M + M + MN)}) ~ O(icptcpMN),

where icp and 7cp are the value of i at the end of Alg. 3 and the average iteration number of
the step-size control mechanism, respectively.

4. Simulation results

This section presents the evaluation results obtained using the proposed algorithms when
applied to the considered OFDM system with a realistic RIS model. Unless otherwise
specified, the simulation settings are as follows. For the practical RIS model described in (5)
and (6), L1=2.5nH, L2 =0.7 nH, w = 2.4 GHz, and Z, = 377 £2 as per (Zhu et al., 2013).
Regarding the wideband channel and OFDM modulation scheme, N =64, U =16, U=7,
U =13and " =8.8dB (Yang et al., 2020).

The small-scale fading modeling for the wideband channel f, g,, and h,,, Vimm € M is
detailed as follows. Because the LoS path of the S-D link is typically blocked, all non-zero
elements of f are modeled as mutually independent complex Gaussian random variables. On
the other hand, because the RIS is typically located such that the S-RIS and RIS-D links
contain LoS paths in the first tap CIR, the first elements of g,, and h,,, i.e. (8], and [h,,],,
respectively, are modeled as Rician fading, which is given by:
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where « is the Rician factor of z, 7 € C with \Z|2 =1 being the LoS component with a value Information
determined by the angle of departure and arrival (Ning et al., 2020), and 7 € C is the non- Processing
LoS (NLoS) component, which is modeled as a complex Gaussian random distribution
Z~CN (0, 1). The remaining CIR taps of g,, and h,, contain no LoS components and are 369

therefore modeled as zero-mean complex Gaussian random variables.
The large-scale fading of the channels is described as follows. The first CIR tap power of
f, g, and h is represented in (Du et al., 2022) as:

Pr1=Po(d/dp)°, (41)

where dj and Py are the reference distance and path loss at dy, respectively, and ¢ is the path
loss exponent. Given the first CIR tap power expressed in (41), the uth channel tap power,
P ., can be obtained in (Dixit and Katiyar, 2016) as:

PL,=Ppe @D 42)

where p is the power decay factor. In this study, the simulation settings for the wideband
channel are as follows: x = 10 dB and distance d values for f, g,,, and h,,, Vm of 50, 30 and
40 m, respectively. In addition, the path loss at the reference distance dp =1 m is set as
—-30dB (Shi et al., 2022), and the path loss exponent for the direct link f is 3. Finally, the path
loss exponents for the through-RIS links g, and h,,, Vm are set equal to 2 (Miranda et al.,
2013).

As stated in the previous section, this study considers a practical RIS model. In other
words, the proposed algorithms take into account the resistance R of the REs during the
optimization process. All of the algorithms (1, 2 and 3) are general frameworks that can be
equally applied to an ideal RIS system with R =0 £2 as well. The following results and
figures demonstrate the importance of considering the practical RIS model rather than the
ideal one by providing benchmark methods that regard the RIS as ideal, even though most
RIS systems have positive (i.e. non-zero) values of R.

Figures 3-8 below compare the results obtained from six methods that can all be used to
solve problem (8). The legends in the six figures are defined as follows:

(1) AOP (standing for the Alternating Optimization, Practical) is the main optimization
method proposed in this study (Algorithm 1) and is based on an alternating
optimization strategy. The method considers the REs within the RIS system to have
resistive properties, R.

(2) AOI (standing for the Alternating Optimization, Ideal) is similar to the main
proposed method but operates under the assumption that the RIS is ideal (R =0 ),
even though deployed RIS systems actually have non-zero values of R. Based on
the ideal RIS assumption, Alg. 1 is executed, and the obtained optimal phase shift 8
is then used to calculate (4) using the true value of R.

(3) JOP (standing for the Joint Optimization, Practical) is the supplemental method
(Algorithm 2) based on a joint optimization concept. The method is intended to
verify the optimality of the main AO strategy and considers the true values of the
RE resistance, R.
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Figure 3. Achievable rate versus Pg when all RE in RIS are ideal (R =0 22, M = 40)

(4) JOI (standing for the Joint Optimization, Ideal) is the same as Algorithm 2 but
assumes the RIS to be ideal (R = 0 ). Based on the ideal RIS assumption, Alg. 2 is
executed, and the obtained optimal phase shift @ is then used to calculate (4) using
the true value of R.

(5) SCA is the successive convex approximation algorithm proposed in (Yang et al.,
2020). In particular, this method transforms the rate maximization problem (11)
into an alternative convex problem, and then iteratively uses a convex tool to solve
the transformed problem. The solution procedure assumes the RIS model to be
ideal.

(6) RND is a random phase-shift-based solution.

Note that in what follows, the method denoted as AO refers to both AOP and AOI. Similarly,
JO refers to both JOP and JOLI.

Figures 3 and 4 show the achievable rate versus transmit power for the six considered
methods. Figure 3 considers the case of an ideal RIS with R = 0 2, while Figure 4 shows a
practical RIS with R = 2 . As seen in Figure 3, the AO, JO, and SCA methods significantly

5 T T r T T
-e-AOP ,
4| me=lAOL | | | [P
K4
- +-JOP ‘
< e JOI L0
% 3 w--- bbA ’l “\‘
) —%— RND e
3 2
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& /’ n“““‘
- L 3 oW
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Transmit Power (dBm)

Figure 4. Achievable rate versus Ps when all RE in RIS have resistance (R =2 2, M = 40)
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outperform RND, indicating the importance of using an optimization method to design an APSIPA
appropriate RIS phase shift. Interestingly, the results obtained using AO and JO coincide. In  Transactions on
other words, the performance of the alternating optimization framework (Alg. 1) in solving

Signal and
problem (8) is comparable to that of the joint optimization framework (Alg. 2). In addition, Inf(;grrnation
the SCA method shows only a minor performance gap compared to the AO and JO methods. .
The rate results obtained from AOP coincide perfectly with those of AOI while those Processing

obtained from JOP align exactly with those of JOI because the REs in the RIS have zero
resistance. In Figure 4, however, in which the REs have a resistance value of R = 2 Q, AOP 371
and JOP significantly outperform AOI, JOI and SCA, thereby confirming the importance of
incorporating the RE resistance value into the optimization problem. The rates obtained from
AOP and JOP in Figure 4 are very similar, just as in Figure 3 for R = 0 Q. Thus, the results
once again show that the performance of the alternating-based optimization method is
comparable to that of the joint optimization method.

Figures 5 and 6 show the achievable rate versus the number of REs in the RIS (M) for the
six methods under consideration. Figure 5 again shows the case of an ideal RIS with R =0 €,

T T T ' é
: $sas:s—
: I =
g ................ I
.......... J
20 . | o JOP |
................. :
= SCA
1 —%=RND
|

10 20 30 40 50 60 70
Number of RE (M)

Figure 5. Achievable rate versus M when all RE in RIS are ideal (R = 0 2, Ps =20 dBm)

Rate (bps/Hz)

10 20 30 40 50 60 70

Number of RE (M)
Figure 6. Achievable rate versus M when all RE in RIS have resistance (R = 2 2, Ps =20 dBm)
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ATSIP while Figure 6 shows a practical RIS with a resistance of R =2 Q. The findings in Figure 5
15,1 are similar to those in Figure 3. In particular, methods AO, JO and SCA significantly
outperform RND, while methods JO and AO yield very similar rates. In addition, the rate
performances of AO and JO are similar to that of the SCA benchmark. In other words, the
relative performance of the considered methods remains unchanged in the ideal RIS model
as the number of REs increases. In Figure 5, the rate performances of the models based on a
372 practical RIS assumption (AOP and JOP) are consistent with those obtained from the
methods based on an ideal RIS model (AOI, JOI, and SCA). However, in Figure 6, for a
practical RIS with R =2 Q, AOP and JOP significantly outperform the latter models. This
finding again confirms the importance of considering the RE resistance value R when
determining the optimal values of the power allocation and phase shift for practical RIS
models.

Overall, the results presented in Figures 4 and 6 show that the two algorithms proposed in
the present study, namely, AOP and JOP, provide a better performance in designing the RIS
phase shifts than the SCA method proposed in (Yang et al., 2020), particularly in practical
RIS systems containing REs with resistance. For the case of an ideal RIS model, AOP and
JOP achieve a rate performance similar to that of SCA, which implies that the importance of
these methods relative to that of SCA diminishes in an ideal RIS system. However, to explore
this issue furthermore, Figure 7 compares the average computational times of the three
methods as a function of the number of REs in an ideal RIS system and a practical RIS
system, respectively. The proposed AOP and JOP algorithms exhibit considerably lower
computational times than the SCA method for both RIS models. For instance, when M = 10,
the computational time ratio between AOP and SCA is approximately 1000. For SCA, the
computational time remains high for all values of M because it iteratively implements a
general convex solver to find a stationary point. By contrast, the computational times of AOP
and JOP increase with M for low values of M, but then stabilize as M continues to increase.
Overall, the results shown in Figure 7 indicate that the alternating optimization (AO) strategy
is the most computationally efficient method for solving the main optimization problem
considered in the present study. Notably, the computational time is unaffected by the
resistance value (i.e. R=0 2,0or R =2 Q).

To highlight the importance of considering the RE resistance when dealing with a
practical RIS, Figure 8 shows the variation of the achievable rate with the RE resistance for
each of the six methods under consideration. All of the methods (with the exception of the

10

10"~ = B—a—8—
OAOP —R=0Q
+JOP  ---R=2Q
10° | BSCA !

time (s)

107 —==- -

107 : ' : . .
10 20 30 40 50 60 70
Number of RE (M)

Figure 7. Average computational time versus M
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Figure 8. Achievable rate versus RE resistance (Ps = 20 dBm, M = 40)

RND method) perform equally well when R = 0 €. The practical RIS-based methods (AOP
and JOP), which consider the RE resistance value when determining the optimal RIS phase
shift, exhibit a relatively stable performance as the RE resistance increases. However, for all
of the models based on an ideal RIS assumption (AOI, JOI and SCA), the rate decreases
significantly as the RE resistance increases. It is an additional note that, at relatively large RE
resistance values, a slight performance gap between AOP and JOP can be observed, which is
mainly attributed to the increased numerical sensitivity of the gradient approximation (32)
under severe channel attenuation and power allocation variations.

In addition to addressing the rate maximization problem, the present study also considers
the sub-optimal criterion of channel power maximization (CPM), as stated in problem (33)
and solved using Alg. 3. The performance of Alg. 3 is evaluated via a comparison with three
benchmarks whose legends are described in the following:

*  GD: the proposed method (Alg. 3), which considers a practical RIS model.
DSM: the dimension-wise sinusoidal maximization method introduced in
(Sirojuddin et al., 2022). DSM can be used to solve problem (33) under the
assumption of an ideal RIS model.

SDR: the semidefinite relaxation technique followed by Gaussian randomization
proposed in (Yang et al., 2020). Similar to DSM, the SDR method assumes that the
RIS system is ideal.

RND: the phase shift solutions required to solve problem (33) are determined
randomly.

Figure 9 shows the relationship between the channel power and the number of REs (M)
for each of the four methods. In the ideal RIS scenario, the GD and DSM methods exhibit
similar performances, as discussed extensively in (Sirojuddin et al., 2022). The SDR method
achieves a lower channel power than GD and DSM because it uses an indirect optimization
approach followed by a matrix rank relaxation procedure. Moreover, the solution obtained
after performing semi-definite programming (SDP) with rank relaxation is not directly
applicable because it requires a further Gaussian randomization step, which leads to
nonstationarity in the optimal solution. The RND method achieves a low channel power for
both R=0£ and R =2 £, which highlights the need for an algorithm to determine the
optimal phase shift when solving problem (33). In the practical RIS scenario, the proposed

Downloaded from ftp.nowpublishers.com/atsip/article-pdf/15/1/352/11684279/atsip-10-2025-0103en.pdf by guest on 20 October 2026

APSIPA
Transactions on
Signal and
Information
Processing

373




ATSIP 4 '
1 5’ 1 3.5 [-OGD
o +DSM
o 3
= OSDR
5 27 [[XRN
374 Té 1.5
g
= 1
O
05 ~
0
10 20 30 40 50 60 70
Number of RE (M)
Figure 9. Channel power versus M under two scenarios: when the RIS is ideal and has a resistance
value

GD method outperforms all three benchmarking methods (DSM, SDR and RND). This
finding emphasizes the importance of considering the resistance properties of the REs when
designing the sub-optimal phase shift for problem (33). Notably, when dealing with the
practical RIS model, DSM, SDR and RND, which are all based on an ideal RIS assumption,
exhibit negligible performance differences.

Figure 10 shows the correlation between the execution time and the number of REs (M)
for the GD, DSM and SDR methods. DSM achieves the lowest execution time of the three
methods in both RIS scenarios. The execution time of GD is approximately ten times longer
than that of DSM. Moreover, SDR has the longest execution time of the three methods,
surpassing GD by more than 100 times and DSM by almost 1,000 times. Figures 9 and 10
imply that DSM is the most favorable option under the ideal RIS scenario. However, in the
practical RIS case, GD significantly outperforms the other methods, including DSM, and is
thus the preferred option, particularly when the optimality of the power allocation and phase
shift results is more important than the execution time. In addition, the execution times of all
methods under consideration in Figure 10 are independent of the RE resistance value.
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Figure 10. Execution time versus M for methods GD, DSM and SDR
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Figure 11 illustrates the convergence behavior of Alg. 1 under different initial RIS phase- APSIPA
shift configurations obtained from various solutions of the CPM problem. Specifically, the  Transactions on
GD-, DSM-, SDR- and random-based methods are used to generate the initial phase-shift

vector 0™, which is then provided to Alg. 1 for joint optimization of the RIS phase shifts Signal e?nd
and the power allocation matrix. In the ideal RIS scenario, both the GD-based and DSM- Inforrnagon
based initializations lead to fast convergence, with Alg. 1 converging in fewer than five Processing
iterations. This observation is consistent with the fact that DSM was originally developed for

ideal RIS configurations and performs effectively under such conditions. However, when the 375

RIS is defective (e.g. R =2 ), the GD-based solution of the CPM problem provides a
higher-quality initial point than DSM, allowing Alg. 1 to still converge within fewer than five
iterations. By contrast, in this case, DSM requires approximately 40 iterations to reach
convergence. These results indicate that solving the CPM problem via the proposed GD
method yields a robust and computationally efficient initializer for Alg. 1 across both ideal
and defective RIS scenarios. In addition, the initializations obtained from SDR and random
methods lead to slower convergence and inferior final performance. Notably, the subsequent
AO iterations in Algorithm 1 remain necessary to refine the solution further and achieve
higher achievable rates through joint optimization of the RIS phase shifts and power
allocation. This comparison highlights the practical trade-off between initialization quality
and iterative refinement, and justifies the inclusion of the full AO stage following the CPM-
based initialization.

5. Conclusion

This study has considered an OFDM communication system wherein a single-antenna
source transmits data to a single-antenna destination through a wideband channel with the
assistance of a practical RIS system with reflection element (RE) resistance. An alternating
optimization (AO) strategy has been proposed to solve the formulated rate maximization
problem, where the optimal power allocation is acquired using the water-filling algorithm
and the optimal phase shift is derived using the gradient descent (GD) method. For
comparison purposes, a supplementary method has been presented that solves the two
variables of interest jointly rather than separately to validate the optimality of the AO

Jam————— sl
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Figure 11. Convergence behavior of alg. 1 (AO-based rate maximization) under different initial RIS
phase-shift configurations, including GD-, DSM-, SDR-, and random-based solutions of the CPM
problem (Psg =20 dBm, M =40). The results illustrate the impact of initialization quality on both
convergence speed and achievable rate

Downloaded from ftp.nowpublishers.com/atsip/article-pdf/15/1/352/11684279/atsip-10-2025-0103en.pdf by guest on 20 October 2026



ATSIP strategy. Finally, a channel power maximization (CPM) problem with lower complexity has
15,1 been formulated to derive the sub-optimal phase shift for the OFDM system. The
convergence of the GD method has been improved through two strategies aimed at
determining the initial step-size value and then adjusting the step-size value as the
optimization process proceeds. A complexity analysis has been performed for all the
proposed algorithms. The numerical results have shown that the proposed AO strategy
376 achieves a rate performance similar to that of the joint-optimization framework. Moreover,
both strategies outperform the considered benchmark methods, particularly in practical RIS
systems with RE resistance. Among all the considered methods, the AO method yields the
shortest computation time. In general, the results have confirmed the importance of
considering the RE resistance when designing the optimal power allocation and RE phase
shifts in a RIS-enabled OFDM system. This study assumes perfect channel state information
for all links, which is a standard modeling choice to facilitate algorithm design and
performance benchmarking. While channel estimation errors may degrade the achievable
rate in practice, the proposed framework is expected to preserve its main performance trends
under moderate CSI inaccuracies, which remains an interesting direction for future
investigation. This work focuses on achievable rate as the primary performance metric,
because it directly reflects the physical-layer benefits of joint power allocation and RIS
phase-shift optimization and remains independent of specific modulation, coding, and
receiver designs. Other metrics, such as bit error rate or outage probability, are closely related
to the achievable rate through the effective received SNR under fixed transmission settings,
but their explicit evaluation would require additional system assumptions and is therefore
left for future investigation. In addition, the proposed GD method for solving the CPM
problem exhibits the best performance in the practical model RIS scenario with a moderate
execution time and provides the shortest convergence for the main AO algorithm.
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